The use of treated pulp mill effluent on eucalyptus plantation appears to be an attractive option for plant nutrition and water supply. It also constitutes a supplementary treatment process and a final disposal option for the mill effluent. This study aimed at the investigation and evaluation of the effects of bleached kraft pulp mill treated effluent on three typical Brazilian soils used for eucalyptus plantation. The effluent was characterized and five different application rates, defined according to the load of sodium, were tested in controlled environment experiments (greenhouse). After effluent application over a six month period an increase in the salinity of the studied soils was observed, although no soil dispersion was detected. The low content of some nutrients in the treated effluent indicated the need for fertilizer complementation.
INTRODUCTION
The pulp industry is among those that have been considering and using land application as an alternative for disposing of wastewaters. Pulp mills generate large volumes of effluent with different characteristics, depending upon the type of industrial process used. Land application is an attractive alternative to existing disposal systems because it reduces the effluent load to surface water and constitutes a source of water and nutrient for cultivated areas.
The first experience on effluent land application in the pulp industry occurred in North America, during the 1950s, mainly in experimental or pilot forestation projects. In the 1980s, land application technique was limited to a few mills and was employed only in non-forested areas. Literature also reported some studies aimed at application of pulp mill effluents as an option of water closed-cycle in the forest industry (Thacker 1985; Smith et al. 1997 ).
An important concern related to pulp mill effluent land application refers to the accumulation of salts in the soil, as a result of extended periods of application (Fuller & Warrick 1995) . This paper evaluated the agronomic and environmental implications of using a bleached kraft pulp mill treated effluent on eucalyptus plantations in Brazil, through trickle irrigation technique (dripping). The effects of this application on soil characteristics, on plant nutrition, growth and on biomass production were evaluated.
METHODS
The experiments were carried out in a controlled environment greenhouse. The experiments were comprised of 90 lab soil columns containing samples of three typical doi: 10.2166/wst.2010.945 and has a ECF (elemental chlorine free) bleaching sequence D(EOP)DP. Table 1 shows the physical-chemical characteristics of the effluent.
The clayey Typic Kandiudults and sandy Typic
Kandiudults soils (PAd1 and PAd2) have a sandy superficial profile and a subsurface profile with yellowish color and medium to loamy texture that reduces the permeability.
These soils are of low natural fertility with low cation exchange capacity and are poor in iron and in exchangeable bases.
The Typic Quartzipsamments soils (RQo) are characterized as a sandy soil with a slight increase in the clay percentage as the profile depth increases. This is an excessively drained soil, with quick permeability along the profile, predominantly acid, with low base saturation and low organic material and nutrient contents. Table 2 shows the chemical characteristics of the studied soils.
The following parameters were monitored during the Regression equations were adjusted to the collected data as a function of the effluent application rate, and considering each type of soil and the rain simulation condition.
The models were chosen based on the significance of the coefficients using the "F" test considering a maximum level of significance of 10% and tested in relation to the mean square of the residuals of the respective variance analysis, and the determination coefficient R 2 values.
The average of the treatment in each soil was compared by the Tukey test at 5% probability.
The statistical analyses were carried out using the software SAEG 5.0 (Ribeiro Jr 2001) and SAS (Scholotzhauer & Littell 1997) .
RESULTS AND DISCUSSION
Effects of bleached kraft pulp mill treated effluent on soil physical and chemical properties
According to the effluent characteristics presented in Sodium concentration higher than 70 mg l 21 may present some restriction for spray irrigation use; it could present toxicity problems for plants (Feigin et al. 1991 ).
After effluent application over a six month period an increase in the electric conductivity or salinity of the studied soils, especially at high application rates, was observed.
However, no significant clay dispersion effects in soil with high clay content were observed. Although the high sodium concentration and the relatively low calcium Table 3 ). The medium/clayey texture soil (PAd1) showed a tendency for quadratic variation in the sodium concentration with the effluent application rate, while the sandy/medium texture soils (PAd2) and the sandy soil (RQo) presented a linear increase in the concentration of sodium with the effluent application rates along the soil profile.
The rain simulation in the experiment provided a reduction of the electric conductivity values in the entire soil profiles. This demonstrates that, in rainy periods, the risk for soil salinity due to the effluent application can be reduced. This is probably due to the leaching of the exchangeable sodium.
It is expected that other factors could facilitate the sodium transport in the soil profile, such as the application with other sources of Ca þ2 and Mg þ2 which together with the high rainy level can control the soil electric conductivity.
The high drainage level of the sandy soil (RQo) avoided severe salinity effects and permeability reduction during effluent application, as also reported in other studies (Juwarkar & Subrahmanyam 1987; Johnson & Ryder 1988; Cromer et al. 1994) . Based on these results, it is assumed that the application of effluent in sandy texture soils, or in soils with artificial drainage systems, can provide a good control of soil sodicity (sodium concentration that can cause adverse effect on soil structure). The AOX concentration in the effluent depends on the pulp bleaching sequence and on the amount of chlorinated bleaching chemicals used (Cl 2 , ClO 2 ). The AOX concentration observed in this study was very low because of the bleaching sequence used in the mill (ECF) and also because of the high AOX removal during biological treatment of the effluent (. 50%). Nevertheless, as discussed by Kookana & Rogers (1995) , those remaining AOX in the effluent can be retained physically and degraded in the soil first layers. This was observed in all experiments of the present study (. 98% removal), except for the sandy texture soil (Quartzipsammen soil) where no AOX retention was observed.
Effects of the bleached kraft pulp mill treated effluent on plants
After a six month period of effluent application, some effects on the eucalyptus plants related to the biomass production and the growth characteristics of the plants were observed.
There was a tendency of increase in plant height, stem diameter, dry matter of the aerial part, and dry matter of root with the increment of the effluent application rate.
The tolerance of the eucalyptus plants to the effluent soil application was adequate.
In general, the best biomass productivity and plant growth were obtained in medium/clayey texture soil (Pad1) at an application rate of 880 mm, corresponding to a loading rate of 6.5 t Na ha 21 . The lowest growth rate and biomass production were observed for the sandy soil (RQo).
Plant growth and biomass production varied linearly with the effluent application rates in the sandy/medium textured soil, and thus the best results were obtained at the highest rate (1,146 mm) (see Figure 1) .
In relation to plant nutrition, in general, the concentration of macro and micronutrients found in the soils that received the effluent application were compatible with eucalyptus fertilization. It was observed that the highest growth and biomass production occurred in the soil columns that received the highest effluent application rates. This can be explained by the accumulation of the macro and micronutrients of the effluent, although a higher accumulation of sodium in the soil was also observed. Overall analysis of the experiments showed that during simulated rain testing there was a significant improvement in the height, dry matter of the aerial part, and dry matter of root of the plants (see Table 4 For the selection of the effluent application rate, the sodium concentration should be taken as the main limiting factor. The characteristics of each soil needs to be considered in the definition of application rates.
The alternating effluent application with non saline water application (rain or irrigation) should make possible the removal of great amount of salts, especially in sandy soils. 
